A high-speed photonic temporal differentiator based on cascaded SOI microring resonators is proposed and experimentally demonstrated in this study. The first-order all-optical differentiation functionality is realized through approaching the critical coupling condition of the cascaded microring resonators. A three-stage double channel side-coupled cascaded microring structure is used to provide wider bandwidth and larger notch depth in its transmission spectrum. The fabricated cascaded SOI microring device is experimentally verified by Gaussian-like pulse trains with a data rate of up to 80 Gbit s −1 . Due to the use of cascaded microring resonators, the notch depth in the transmission spectrum is increased from less than 30 dB to larger than 30 dB, thus the quality of the differentiated signal is improved.
Introduction
All-optical signal processing is an integral part of future high-speed optical communication networks due to its ability to overcome the inherent speed limitation of conventional electronics. A promising approach toward the implementation of all-optical circuits is to design and implement the photonic counterparts of the fundamental devices that form the 'basic building blocks' in electronic circuits [1] [2] [3] [4] [5] [6] [7] [8] . Due to the rapid development of photonics technology in recent decades, the implementation of basic signal processing blocks in the optical domain has experienced great progress. A few of these basic signal processing blocks, such as photonic temporal differentiators [1-4, 9, 10] , integrators [5] , and logic gates [6, 7] , have been designed theoretically or realized practically.
A temporal photonic differentiator is a basic operator that provides differentiation for the time domain complex envelope of an arbitrary input optical signal, which has potential applications in pulse shaping, information processing systems, ultrafast optical signal coding, and optical control or sensing applications, and so on. Different schemes have been presented recently to realize alloptical temporal differentiators, including integrated-optical transversal filter structures [9] , interferometers [2] , long period fiber grating [10] , phase-shifted fiber Bragg grating [1] , single silicon microring resonators [3] , and wavelength- selective directional couplers [4] . In particular, the silicon microring resonator-based optical differentiator proposed in [3] has the advantages of compactness, on-chip integration and compatibility with electronics, and has been used effectively in 10 Gbit s −1 signal differentiation. The speed is mainly limited by the bandwidth of the ring resonator, which is 0.34 nm in [3] ; hence, the following work resorted to a ring resonator with a much wider bandwidth, in which a signal differentiation of 80 Gbit s −1 was realized [8] . However, a notch depth of less than 30 dB affected the quality of the differentiated signal [8] . In this paper, a cascaded microring resonator structure is employed to broaden the bandwidth and, thus, serve as an ultra-high-speed all-optical temporal differentiator. Moreover, the cascaded microring resonator structure makes it easy to implement a required notch depth larger than 30 dB. A three-stage double channel side-coupled integrated spaced sequence of resonators (SCISSOR) device based on silicon-on-insulator (SOI) is fabricated and its differentiation performance is assessed by Gaussian-like pulse trains with different data rates. The results show that the fabricated device performs well as a differentiator for an 80 Gbit s −1 optical time domain multiplexing (OTDM) signal.
Operating principle
A first-order temporal differentiator is a linear filtering device providing a spectral transfer function of the form H(ω−ω 0 ) = i(ω − ω 0 ), where ω is the optical frequency, and ω 0 is the optical carrier frequency of the signal to be processed [10] . This transfer function indicates that the transmission of the first-order temporal differentiator is linearly dependent on the frequency detuning from the central frequency ω − ω 0 and an exact π -phase shift in the phase response at the central frequency ω 0 .
The current study demonstrates that the required spectral features of a temporal differentiator can be produced by a cascaded microring structure configured as a double channel side-coupled integrated spaced sequence of resonators (SCISSOR). The double channel SCISSOR consists of a series of add-drop microrings connected to each other by the bus waveguides (figure 1), and can be described by the transfer matrix method [11] . The location optical fields (a 0,1 , b 0,1 as shown in figure 1 ) in the bus waveguides at the coupling areas of the first stage microring resonator are related through the coupling coefficient κ 1,2 and transmission coefficient t 1, 2 according to the following transfer matrix [12] :
where
where η is the amplitude attenuation in the waveguides connecting the two adjacent rings and
λ is the phase shift in the bus waveguide of length L b . Therefore, the transfer matrix relation of the N-stage double channel SCISSOR can be obtained by cascading the transfer matrices of the elements:
Thus, the power transmission and the phase shift of the through port can be found in the total matrix as T thr = |a N /a 0 | 2 and thr = arg(a N /a 0 ), respectively.
The through port of a single stage microring provides sharp notches and steep π phase shifts when approaching its critical coupling point in the over-coupling region [13] , which are the required spectral features of a temporal differentiator. In the following it is shown through numerical simulation that if each cascaded microring is near the critical coupling in the over-coupling region, the double channel SCISSOR structure exhibits the spectral characteristics required for a temporal differentiator. Moreover, the simulations confirm that the double channel SCISSOR structure provides a much larger bandwidth and deeper notch depth compared with a single microring at the same coupling conditions. When the critical coupling condition of an add-drop ring is t 1 = αt 2 , the case of t 2 = 0.95 provides the closest critical coupling condition. The transmission curve reaches almost zero and the phase response has a π phase shift (odd-number multiples of a π phase shift correspond to a phase shift equal to π) over a relatively narrow bandwidth around the resonance wavelength when the coupling state is very close to the critical point. Figures 2(c) and (d) show the numerically simulated transmission and phase responses of one-stage and three-stage double channel SCISSORs with the same coupling coefficients. In this case, t 2 is assumed to be 0.96 and the other parameters are the same as above. The 3 dB bandwidth is broadened from 0.47 nm (one-stage) to 1.25 nm (three-stage). The notch depth of the three-stage structure reaches 36.83 dB, which is almost equal to zero, whereas that of the one-stage one is 20.23 dB.
Design and fabrication
The cascaded microring device was realized on a commercial SOI wafer with a top silicon thickness of 340 nm. A single mode rib waveguide that easily integrates with doped active devices [14] was used. An elaborate design should be considered to obtain frequency-matched resonance [15] since the cascaded microring structure is sensitive to fabrication errors and the optical effect of coupling-induced frequency shift [16] .
Electron beam lithography (EBL) and inductively coupled plasma (ICP) reactive ion etching were used to fabricate the device. First, the electron beam resist polymethylmethacrylate (PMMA) was spun onto the wafer to create a masking layer. To improve the fiber-to-device light coupling, grating couplers [17] were integrated with the cascaded microrings by tapered waveguide conjoining. The whole device, which consisted of waveguides, microrings, and grating couplers, was defined with one step of EBL (Raith 150). After developing the resist, the device pattern was transferred into the PMMA mask. The pattern was etched onto the silicon layer through ICP etching. Finally, a 500 nm thick hydrogen silsesquioxane (HSQ) top cladding layer was spin-coated to protect the device. Figure 3 shows an SEM image of the fabricated cascaded microring structure. The radius of the microrings was 10 µm. The rib widths of the bus and ring waveguides were 460 and 590 nm, respectively. The gaps between the bus and ring waveguides were 180 nm at the through side and 190 nm at the drop side. The slab height was approximately 130 nm. A single add-drop ring with the same parameters was also fabricated for comparison. resonator were extracted: t 1 ≈ 0.939, t 2 ≈ 0.967, α ≈ 0.99. The differences between these values and the designed ones may attribute to the fabrication errors. Besides, the parameters of the three-stage SCISSOR may be different from the ones of the single ring due to fabrication imperfections. As a result, the measured 3 dB bandwidth of the three-stage SCISSOR device was much less than the simulation value in section 2.
Experimental results and discussion
The operation of the fabricated three-stage double channel SCISSOR device as an optical differentiator was tested using the experimental setup in figure 4 . A short pulse laser (U2T TMLL1550) was driven by an amplified 10 GHz radio frequency clock from a pulse pattern generator (PPG, ANRITSE MP1763C), generating a pulse train with a repetition frequency of 10 GHz and a full-width at half-maximum (FWHM) of 2.7 ps. After amplification by an erbium doped fiber amplifier (EDFA), the 10 Gbit s −1 pulse train was multiplexed by a four-stage optical time division multiplexer (OMUX) with varying multiplexing stages to generate 20, 40, and 80 Gbit s −1 OTDM signals. The original signals could be recorded with a 500 GHz all-optical oscilloscope, synchronized with the optical source through the PPG. To carry out the differentiation measurement, the operation wavelength of the pulse laser was tuned and optimized to obtain optimal differentiation signals within the resonance centered at 1560.725 nm of the microring device. The resulting OTDM signal was sent into the cascaded microring device via integrated grating couplers. To compensate for a coupling loss of approximately 15 dB, two EDFAs were employed to amplify the signal before and after the device. Meanwhile, the grating coupler for vertical coupling was polarization-dependent; a polarization controller was inserted before the SOI chip to ensure that the input light was in the transverse electrical (TE) mode. A band-pass filter with a bandwidth of 3.2 nm was used to eliminate the spontaneous emission noise from the EDFAs. The differentiated signal was then recorded with the 500 GHz all-optical oscilloscope. Figure 5 shows the original input OTDM signals and their differentiation results at different data rates. The calculated ideal differentiation signals are plotted below the measured differentiation results to assess their quality. The agreement between the measured and calculated curves is fairly good. In particular, the measured 10 Gbit s −1 differentiation signals have good symmetry with two lobes. As the rates of the input signals increased to 20, 40 and 80 Gbit s −1 , a slight asymmetry of the differentiation signals occurred. This may have resulted from the third-order dispersion of the microring at the resonance wavelength [18] and the limitation of the device operation bandwidth (∼0.642 nm) [19] . It is interesting to point out that there is a phenomenon of nonreturn-to-zero in the middle of the two lobes of the differentiated results, which is particularly obvious in the 10 Gbit s −1 result. In fact, a microring has a slow or fast light function; according to [20] , the output signal from a microring-based device can be attributed to the sum of the input signal and the derivative weighted by a gain (or loss) factor. While the detuning between the operation wavelength of the pulse laser and the center wavelength of the resonance becomes larger, the slow light effect may be decreased so that the input weight becomes larger. As a result, the phenomenon of nonreturn-to-zero becomes more obvious. Another phenomenon is the ripple after the pulse; this may be caused by the high order dispersion of the resonance of the microring resonator. Deterioration of the 80 Gbit s −1 differentiated signals may have been caused by the EDFA noise and bandwidth limitation. The device operation bandwidth is less than the bandwidth of the ps-pulse used (∼1.5 nm), but it can also process ps-pulse trains with distortion. A much wider bandwidth is expected to reduce the deterioration of the differentiation signals and even serve as a much higher speed differentiator. To analyze how the properties of the microring devices affect the quality of the differentiation signals, simulations were performed using MATLAB. First, we chose different parameters for a single microring resonator to form three cases of devices with similar and sufficient bandwidths, but different notch depths were used to differentiate a Gauss pulse with a FWHM of 2.7 ps. Figures 6(a)-(c) show the three cases of calculated differential results for the input Gauss pulse, including the input pulse (dotted lines), ideal differential pulse (dashed lines), and calculated differential pulse with device properties (solid lines). A clear asymmetry of the differentiation signals can be observed when the notch depth is at 25 dB. The asymmetry gradually vanishes with increasing notch depth, resulting in a near match with the ideal differential pulse when the notch depth reaches 40 dB. This indicates that the notch depth affects the asymmetry of the two lobes of the differential signals. This influence can be attributed to the fact that the device's transmission deviates from the required transfer function of a first-order differentiator while the coupling condition is far away from the critical coupling.
To explore the effects of the bandwidth on the differential signals, the notch depth was fixed to a sufficient value of 35 dB. Devices with different 3 dB bandwidths of 0.169, 0.427, 0.879, and 1.362 nm were used to differentiate a Gauss pulse with a FWHM of 2.7 ps. Figure 7(a) shows the transmission responses of the devices with different 3 dB bandwidths. Figures 7(b) -(e) show the corresponding calculated differential results. Immediately, the results show that small bandwidth causes serious distortions of the differential signals. A small bandwidth can lead to extreme asymmetry of the two lobes. Furthermore, extra distortions also appear; for example, the two lobes are broader than the ideal differential results and trailing appears on the shorter lobe. It may be that the sufficient notch depth promises a required phase shift (first-order dispersion) to differentiate the signals, and also the second-order dispersion is almost equal to zero near the resonance, however third-order dispersion can contribute to the dispersion-induced broadening and distortion [21] . Such dispersion-induced broadening and distortion makes the differential results of the input OTDM signals dramatically deteriorate. When the bandwidth is broadened to meet that which is required by the input pulse, the differential result can be ideal. Now we discuss another phenomenon in our experimental results, that is, the two lobes of the differential signals are sometimes asymmetric to the left but sometimes to the right. In fact, when the microring deviates from the critical coupling state, the output pulse is formed by the vector sum of an ideal differential signal plus an input signal weighted by some factor [3, 20] . If the factor is a positive number, which corresponds to under-coupling of the resonator, the left lobes will be larger than the right ones. This is because an input weight with the same phase is added to the left lobe and a weight with inverted phase is added to the right lobe. As a consequence, the left lobe will be larger than the right lobe. In our case, the ring is over-coupled, so the left lobe should be smaller than the right one. However, the bandwidth limitation could cause a smaller right lobe as shown above. So the asymmetry of the two lobes sometimes comes to the left and sometimes to the right in our experiments.
According to the above analysis, to get optimal differential signals by using a microring device, a near critical coupling resonance with a deep enough notch depth (may be deeper than 30 dB) and wide enough bandwidth should be necessary. For the cascaded microring case, the notch depth may be easy to achieve. To further improve the processing speed of the differentiator, it has to further enhance the bandwidth of the cascaded microring device and there are several really feasible methods to employ. The first is to increase the coupling efficiency t 1 and correspondingly change the value of at 2 to maintain a near critical coupling state. Using a racetrack resonator to replace the microring may be a suitable way to realize this objective. The second method is to cascade more stages of microrings to broaden the bandwidth. Finally, use of the resonance shift design [22] to distribute the resonances so as to get a tradeoff between the notch depth and the total bandwidth may also be effective.
Conclusion
In conclusion, an integrated all-optical temporal differentiator based on cascaded microrings in SOI has been demonstrated. The cascaded microring structure enhanced the operation bandwidth of the device compared with that of a single microring. Differentiations of the Gaussian pulse series are obtained at different data rates, and up to 80 Gbit s −1 differentiated signals were successfully demonstrated. As the notch depth of the fabricated device is as large as 33 dB, the quality of the differentiated signal is significantly improved. The influence of the performance of the microring device on the quality of the differential signals was also investigated. The proposed cascaded microring structure provides a new method to broaden the operation bandwidth of photonic temporal differentiators for use in high-speed silicon-based integrated photonics.
